We demonstrated that a pair of positions in phosphoglycerate kinase that score highly by three nonparametric covariation measures are important for function even though the positions can be occupied by aliphatic, aromatic, or charged residues. Examination of these pairs suggested that the majority of the covariation scores could be explained by within-clade conservation. However, an analysis of diversity showed that the conservation within clades of covarying pairs was indistinguishable from pairs of positions that do not covary, thus ruling out both clade conservation and extensive homoplasy as means to identify covarying positions. Mutagenesis showed that the residues in the covarying pair were epistatic, with the type of epistasis being dependent on the initial pair. The results show that nonconserved covarying positions that affect protein function can be identified with high precision.
Introduction
and Fitch and Markowitz (1970) proposed that sequence coadaptation was important to maintain proper structure and function of the protein. These two groups proposed different mechanisms for this coadaptation: second-site suppression of mutations or nearly neutral covarions. Despite decades of work, the exact mechanism by which coadapted positions arise is still controversial with many groups using one theory or the other to guide their experimentation. For example, Poon and Chao (2005) conducted an extensive test of second-site suppression in ΦX174 and concluded that this mechanism was able to explain some coadaptation in this bacteriophage. Conversely, Merlo et al. (2007) concluded that rare covarions in triosephosphate isomerase could be detected by domainswapping experiments. Despite this controversy, it is clear that coadaptive positions produce covarying positions in protein families (Pazos and Valencia 2008) . Atchley et al. (2000) suggested that the covariation observed between positions i and j in a protein is composed of a signal from structural or functional constraints, background noise contributed by shared phylogenetic ancestry, and stochastic events. Thus, the structural and functional signal is superimposed on top of the background noise contributed by phylogeny and by random processes. This insight led to a dramatic change in how covaring positions were identified because the intrinsic limitations to detecting covariation were defined for the first time. These limitations have been addressed in a number of recent publications. It is now accepted that accurate covariation estimates can only be generated with large numbers of nonredundant sequences in the protein alignment (Lockless and Ranganathan 1999; Tillier and Lui 2003; Martin et al. 2005; Buslje et al. 2009 ). It is also clear that it is crucial to reduce or remove the covariation signal caused by the shared ancestry of the positions (Dunn et al. 2008; Little and Chen 2009 ). These latter methods are all based on the idea that the product of the average covariation measure of positions i and j with all other positions is an accurate estimate of the phylogenetic background (Dunn et al. 2008) .
As reviewed in Caporaso et al. (2008) , there are two main strategies used to identify covarying positions in protein families. One approach models the underlying phylogeny of the proteins in the alignment to detect covarying positions that cannot be explained by the gene tree (Tillier and Lui 2003; Xu and Tillier 2009 ). Such tree-dependent methods generally assume that truly covarying pairs of positions should exhibit frequent homoplasy. The other major tactic ignores the tree and uses one of the several simple covariation measures to find the most strongly covarying pairs. Such methods are expected to assign similar scores to pairs with extensive homoplasy and to pairs showing dramatic within-clade conservation (Fares and Travers 2006; Dunn et al. 2008; Yip et al. 2008) .
Here, we examine covariation in an alignment of phosphoglycerate kinase. We used in vitro mutagenesis to show that nonconserved covarying positions that are important for protein function can be identified and are epistatic to each other. Furthermore, we found that covarying positions are as diverse within and between clades as noncovarying positions and thus do not show more homoplasy than noncovarying pairs. Our results suggest that most sequence coevolution is best explained by a succession of neutral or nearly neutral covarions rather than by multiple cycles of mutation and suppression.
MBE

Materials and Methods
Calculating Entropy and Covariance
As discussed in Martin et al. (2005) , mutual information (MI ) measures the dependence of one occurrence on another and was calculated as described. In the context of protein sequence families, the starting point is to calculate the frequencies (f ) of each residue in two columns (i and j ) and the joint residue pair frequencies of the two columns, f ij . These frequencies are converted to an entropy (H ) as shown in equation (1):
H measures the distribution of residues or pairs in the alignment; complete conservation receives a score of 0 and an equal and identical distribution receives the maximum score of 1 for individual positions or 2 for pairs of positions. The relative class diversity score, r , is the ratio between the mean joint entropy within classes of organisms and the joint entropy of the alignment for a given pair of positions (Zar 1974) . As expected, r increases if residue pairs are assigned to classes at random and decreases if the number of different pairs in a class is minimized.
MI , calculated as shown in equation (2), measures the difference between the expected joint entropy of independent residues and the observed joint entropy. Dunn et al. (2008) demonstrated that every position in a protein family shares common ancestry with every other position. Thus, MIp, the product corrected MI, estimates the background MI signal caused by sequence nonindependence as shown in equation (3):
where MI i is the mean MI of position i with all other positions.
The MIp values were converted to Z scores by equation (4) because absolute MIp values vary somewhat between alignments:
Dickson RW, Wahl LM, Gloor GB (unpublished data) defined both ∆Zp and Zpx . Briefly, ∆Zp is calculated by ordering the Zp scores from highest to lowest and finding the difference between successive Zp scores for each position. ∆Zp ij is the greater value of Zp i and Zp j . Zpx (eq. (5)) is the square root of the product of the Z scores for each individual position.
Zpx is very similar to the square root of the Zres statistic of Little and Chen (2009) . Mutual interdependency (Tillier and Lui 2003) of the phosphoglycerate kinase (PGK) alignment was calculated using the default values of the dependency 2.1 program of Xu and Tillier (2009) .
PGK Cloning and Expression
The PGK1 gene is essential for the growth of Saccharomyces cerevisiae in media containing glucose but not in media containing alternate carbon sources (Lam and Marmur 1977) . A synthetic PGK1 gene was produced by Genescript (www.genscript.com), which contained unique restriction sites spaced approximately 100 bp apart on the wild-type sequence. Mutations were introduced by synthesizing the desired oligonucleotides followed by cloning between the appropriate restriction sites. All mutations were verified by DNA sequencing of the complete PGK1 gene. Each mutant was cloned between the MET3 promoter and an HAepitope tag in a yeast integrative plasmid marked with LEU2. The MET3 promoter is much weaker than the endogenous PGK1 promoter and can be repressed by exogenous methionine (Mao et al. 2002) . Because PGK1 deletion strains are inviable in media containing glucose, the diploid knockout strain heterozygous for the PGK1 locus was obtained from Open Biosystems (www.openbiosystems.com, YCR012W knockout in strain BY4743). This strain was homozygous for his3∆1, leu 2∆0, and ura3∆0 and heterozygous for lys2∆0 and met15∆0 along with the PGK1 deletion that was marked with a Kan r cassette. The wild-type and mutant sequences were integrated into the ADE2 locus in the diploid strain, and the diploid transformants were sporulated and the resulting haploids were grown out in media lacking glucose. These haploids were selected to contain the LEU2 and MET15 markers along with resistance to G418 to ensure that the wild-type PGK1 locus was deleted.
Purification of PGK
The synthetic PGK1 gene was transferred into plasmid pPro-EX-HTa (Invitrogen) and expressed as a his-tagged form in the Rosetta (Novagen) strain of Escherichia coli. Cleavage of the encoded gene product with tobacco etch virus (TEV) protease leaves five amino acid residues, GAMGS, preceding the normally initiating methionine residue. Mutants constructed and verified as above were transferred into this plasmid using appropriate restriction enzyme sites within the PGK gene. The PGK protein was affinity purified from extracts of induced cells by Ni-NTA affinity chromatography. Following removal of the his tag by treatment with TEV protease, the PGK protein was further purified by cation exchange chromatography in 5 mM sodium phosphate buffer, pH 6.5, on a column of SP-Sepharose HR. Elution was achieved using a linear gradient of NaCl.
Differential Scanning Calorimetry
The thermal unfolding of wild-type and mutant PGK forms was analyzed by differential scanning calorimetry (DSC) using a MicroCal VP-DSC. Samples were dialyzed into buffer containing 10 mM sodium phosphate, pH 7.5, 0.5 mM ethylenediaminetetraacetic acid and 1 mM 2-mercaptoethanol and diluted to a concentration of 0.40 mg/ml in the same buffer. Thermal unfolding was followed over a temperature range of 10-75
• C at a scan rate of 1
• C/min. Because the two domains of PGK are unable to MBE refold upon thermal denaturation (Hu and Sturtevant 1987) , buffer-corrected data were fitted to a model with two non-two state transitions using MicroCal Origin 5.
The Sequence Data Set
PGK sequences were collected from the NCBI nonredundant protein database using the S. cerevisiae PGK sequence (gi number 157833610) as the BLAST query and collecting all sequences with an e value less than 1 × 10 −10 . All position numbers in the text refer to this sequence.
Cn3D is the tool used by NCBI curators to generate and annotate the conserved domain database and can be used to generate de-novo multiple sequence alignments based on alignments of multiple structures to a master structure (Marchler-Bauer et al. 2009 ). Cn3D uses a block alignment model, where the limits of secondary and tertiary structural segments are defined from a structural alignment. Cn3D imports automatically precomputed structural alignments between each structure and the master structure from the MMDB database (Wang et al. 2007) , and the user reconciles these differing models into one overall structural alignment model. Cn3D builds a position-sensitive scoring matrix for each block and uses these matrices to align sequences to the block structure of an existing structural alignment (Kann et al. 2005) . In this way, homologous positions in the multiple sequence alignment can be assigned reliably based on structural evidence. The quality of the alignment depends directly upon the number of different structures that are used in the initial structural alignment. Ideally, numerous and diverse structures should be used to correctly model the appropriate placement of indels in the structural alignment.
Nine crystal structures of PGK representing the archaeal, prokaryotic and eukaryotic divisions of life, and major groupings within these domains were obtained from the MMDB database (Wang et al. 2007 ). These structures included 1qpg (S. cerevisiae, McPhillips et al. 1996) , 16pk (Trypanosoma brucei, Bernstein et al. 1998) , 3c3c (Homo sapiens, Gondeau et al. 2008) , 1vpe (Thermotoga maritima, Auerbach et al. 1997) , 1php (Geobacillus stearothermophilus, Davies et al. 1994) , 2ie8 (Thermus caldophilus, Lee et al. 2006) , 2cun (Pyrococcus horikoshii , Mizutani H, Kunishima N, unpublished data), 1ltk (Plasmodium falciparum, Chattopadhyay D, Pal B, Smith CD, unpublished data), and 1zmr (E. coli, Marqusee S, unpublished data). The N-terminal and C-terminal domains of these nine structures show a large relative motion making a single structural alignment difficult. Thus, the N-and C-termini were aligned separately to the S. cerevisiae master structure with Cn3D version 4.1. Sequences from the BLAST output were imported into the alignment using Cn3D with the "Block Align All" method (Kann et al. 2005 ) using the default scoring parameters and with the "Global Alignment" and "Keep Existing Blocks" options disabled. All indel positions in both domains were explicitly supported by the structural alignment except for a single insertion between positions 29 and 30 that was required to accommodate a large fraction of the sequences that otherwise would not have fit the alignment model.
Inspection of the structural alignment showed that this insertion would occur in a surface loop in all nine structures.
The N and C-terminal alignments overlapped at an ungapped α-helix that connected the two domains. The two alignments were trimmed in JalView (Waterhouse et al. 2009 ) so that the N-terminal alignment ended in the middle of the helix and the C-terminal alignment began at the next residue in the helix. The two alignments were merged into an alignment containing 1,225 sequences. The N-and C-termini of the merged alignment were trimmed such that the first and last residues in the alignment corresponded to the first and last residues in the S. cerevisiae structure. The alignment was reduced to those sequences that were less than 90% identical with the remove redundancy option in JalView. This alignment contained 538 sequences and was used for all subsequent analyses. Each sequence was annotated with its complete lineage using a custom program to parse the NCBI taxonomy database. Pairs of positions were defined to be in contact if nonhydrogen atoms in the two positions were <6Å apart in the S. cerevisiae structure.
Results and Discussion
PGK is an ancient two-domain enzyme that shows a large conformational change between the domains centered around a central hinge (Szabo et al. 2008) . The hinge allows motion between the domains upon substrate binding and is composed of two connecting α-helices. The largest and most important α-helix in the hinge is the first one that extends from residues F185 to L198 in the S. cerevisiae structure. The hydrogen bonding of backbone atoms in the hinge region has been characterized thoroughly by Varga et al. (2005) , although the side chain interactions have not been investigated. We decided to examine the covariance characteristics of the PGK protein family in general and particularly of this helix to determine if the side chain interactions between nonconserved positions contributed to the activity of PGK.
Covarying positions in PGK were identified using the Zp, ∆Zp, and Zpx measures. These three measures were chosen because they are the three best nonparametric methods available to identify covarying positions in protein families (Dunn et al. 2008; Buslje et al. 2009; Little and Chen 2009 ; Dickson RW, Wahl LM, Gloor GB, unpublished data) and because Caporaso et al. (2008) demonstrated that Zp, the poorest of the three, is as sensitive and specific as the best parametric methods. In addition, the three methods identify different sets of positions in many protein families.
Strongly Covarying Groups of Positions
Covarying groups are often identified at critical interfaces (Buck and Atchley 2005; Gloor et al. 2005; Codoñer and Fares 2008; Xu and Tillier 2009 ). However, Dickson RW, Wahl LM, Gloor GB (unpublished data) found that systematic misalignment could cause elevated local Zp values and mimic group covariation. They suggested that regions with elevated scores should be examined for obvious alignment errors. Figure Gloor GB (unpublished data) found that contiguous blocks with values above this threshold may indicate poorly aligned segments and that these regions in the alignment should be inspected.
of the window. Inspection of the alignment for segments showing strongly elevated local Zp values suggested that five segments needed to be reviewed; these are identified by the bars placed below the X axis in figure 1. The first segment mapped to positions 27-29 and is a surface loop in the S. cerevisiae structure. The second segment mapped to positions 70-72 and is contained in a portion of the P. horikoshii structure that aligned poorly to the other structures. No alternative structural alignment was possible. The third segment mapped to positions 80-82 and is part of the same ungapped section of the alignment as the second segment. This ungapped section was examined and found not to contain a shift error or other obvious alignment error. Nevertheless, any covariation signal among these residues may be false positives due to sequence misalignment and covariation involving these residues should be interpreted cautiously.
The fourth and fifth strongly covarying segments mapped to positions 122-124 and 144-149 and were more interesting because they aligned very well across all nine PGK structures. As shown in blue and green in figure 2, these two segments were structurally conserved but were surrounded by other segments, colored in red, that were not. Therefore, these conserved segments were found in dramatically different environments. Segment 4 was directly below a loop situated at positions 68-69 in the S. cerevisiae structure that had a small insertion or deletion in a wide variety of groups including proteobacteria and mammals and a large insertion in the kinetoplastids. Segment 4 was also situated near a large loop from positions 129-143 that is found in all eukaryotes. In this case, the side chain of the S. cerevisiae residue I124 in segment 4 is nestled into a hydrophobic region formed by the backbone atoms and the β and δ carbons of R130 and the side chain of V137. In contrast, the E. coli K116 position that is homologous to S. cerevisiae I124 is largely exposed. As this example shows, the residues at these positions were found in distinct environments in different groups of organisms; they would be completely exposed in many organisms, partially exposed in proteobacteria and mammals, and largely buried in the kinetoplastid lineage.
Segment 5, mapping to positions 144-149, was also affected by this loop and by a second large difference in the structures. Positions 96-107 form a loop and helix in eight of the nine structures but a loop and β-strand in the E. coli structure. Although there are no structures, the sequence alignment strongly supports this β-strand in actinobacteria, firmicutes, and proteobacteria. This would result in a vastly different environment for segment 5 in these organisms. Thus, elevated local covariation values at the structurally well-conserved positions 122-124 and 144-149 likely reflect the sequence constraints imposed by alterations in the variable regions that surround them.
One additional segment of high local Zp was located at positions 258-259. Inspection of the alignment showed that the high-scoring segment was completely embedded within a well-structured α-helix and that the surrounding residues did not display excess local Zp implying that this section was aligned properly. After the detailed examination of all segments, we conclude that the alignment is of sufficient quality for use in covariation analysis with the caveats given above.
Strongly Covarying Pairs of Positions
Most covariation is between positions that covary as individual pairs or triplets, and methods that are biased toward detecting pair covariation identify more residue pairs in contact than do methods that emphasize group covariation (Little and Chen 2009; Xu and Tillier 2009 ). We defined strongly covarying pairs as those that were at or above one or more of the following scores: Zp 4.5, ∆Zp 1.5, and Zpx 3.5. These cutoffs correspond to values where >80% of the identified pairs were in contact in a broad sampling of protein families (Dickson RW, Wahl LM, Gloor GB, unpublished data). Supplementary table S1, Supplementary Material online, shows the number of pairs identified above the thresholds for each measure and the fraction where the residues for the pairs were separated by 6Å in the S. cerevisiae structure for all pairs and for pairs that were a linear distance of 10 or more apart in the sequence. Surprisingly, the ∆Zp measure identified approximately one-third the number of pairs as the other two methods, although a significantly larger fraction of pairs were in contact with ∆Zp than with the other two measures. Inspection of figure 3 that plots the fraction of pairs in contact versus their rank order for each of the three methods shows that the greater fraction of pairs in contact with ∆Zp rather than Zpx is caused by the Z score cutoff values chosen and is not due to an unexpected failure of the Zpx algorithm. As expected, the likelihood of contact for rank-ordered pairs is similar for both ∆Zp and Zpx , and the top-ranked pairs by both methods are significantly more likely to be in contact than are similarly ranked pairs by the other two methods. We conclude that the covariance measures are behaving as expected within the limits of the variability expected between protein families. The strongly covarying pairs identified by these methods are the focus of the remainder of this report.
Examination of the PGK gene family by Zp, ∆Zp, and Zpx showed that the position corresponding to S. cerevisiae residue F185 was the only covarying position in the hinge; this residue covaried with S. cerevisiae position Y48. These two residues made an aromatic-aromatic interaction (Burley and Petsko 1985) . The score for the Y48:F185 pair was among the highest by each method: ranking second by Zp with a score of 11.7, second by ∆Zp with a score of 6.2, and eighth by Zpx with a score of 7.9. Only the F239:G310 pair, located in the interior of the second domain far from the hinge region, ranked higher by all three methods. Table 1 shows that 15 pairs of residues (out of a possible 288) comprise >76% of the total residue pairs at positions 48 and 185 in the 538 nonredundant PGK sequences. In the alignment, position 48 was frequently one of Y, D, E, H, L, or K and position 185 was one of F, L, P, R, or Y, with the Y48-F185 pair being wild type for the S. cerevisiae PGK protein. Thus, the possible residues at each position varied widely in their properties. The YF pair is the most common but the KY, ER, DR, LP, MP, and AT pairs are more than 2-fold overrepresented in the alignment when the expected number of pairs is calculated under the expectation of positional independence (o/e column in table 1).
Mutagenesis
The requirement for a specific interaction in the context of the S. cerevisiae protein between positions 48 and 185 was tested by making the mutations that reflect the wild-type residues found in other organisms. Position 48 was mutated from Y to A, D, E, H, K, or L and position 185 was mutated from F to A, P, R, or Y. Two double mutants were made, ER and KY. The mutants corresponded to pairs of positions that were both overrepresented and underrepresented in the alignment as shown in table 1 and to pairs that did not occur in the alignment (YR, EF, LF, YA, and AF). Figure 4A shows the effect of each single and double change in the context of the S. cerevisiae PGK1 gene. Each mutant was tested for growth at 30
• when the media was supplemented with both glucose and various amounts of methionine to attenuate expression of PGK1. All the strains were fully viable in the absence of methionine at 30
• (not shown) demonstrating that the mutations had little effect when the protein was expressed at high levels. However, when the level of expression was reduced by adding methionine to the media dramatic differences in growth became visible. In addition to the YF pair, both strongly overrepresented pairs (KY and ER) in the protein family were viable when their expression levels were attenuated. In contrast, six • C. The 37
• growth was in the absence of methionine. The Y48-F185 pair is wild type for this protein. (B ) A western blot of total yeast extracts using an α-HA antibody to demonstrate the steady-state expression levels of several mutants grown in minimal media without methionine. The total amount of protein in the extract is indicated above the blot. Lane 9 is an extract from a strain containing an untagged PGK1 gene. The PGK protein is the upper band in this figure. The lower band is an unknown S. cerevisiae protein that is recognized by the α-HA antibody.
of the nine underrepresented pairs were only poorly viable when grown in 5 µM methionine. The HF pair, which is common in the eukaryotic clade, but not overrepresented in the alignment, was less viable than wild type at low expression levels. The KF pair, a single mutant that could be an intermediate between the YF and KY pairs, was viable at 10 µM methionine. Neither single mutant intermediate between the YF and the ER pairs was viable at 10 µM methionine. Thus, these positions show an epistatic interaction, with the type of epistasis depending on the residues involved.
PGK Expression
The steady-state expression levels of several mutants grown in the absence of methionine were examined by western blotting to determine if this was the reason some mutants were more active than others when expressed in the presence of methionine. The western blot in figure 4B shows that all proteins tested were expressed, although at variable steady-state levels. The KY and KF mutants, which grew very well in methionine-supplemented plates, had steady-state levels equal to or greater than wild type. In contrast, the steady-state levels of the poorly functioning mutants YY, EF, and YR were somewhat lower than wild type. This result suggests that some of the mutants are less stable than the wild type but that not all the growth phenotypes observed can be explained by the steady-state levels of PGK expression.
Physical Properties of Mutants
The stability of each mutant was tested by examining growth at 37
• in minimal media containing glucose without methionine. None of the mutations were strongly temperature sensitive under these conditions as shown in figure 4A .
Next, we examined thermal denaturation of a number of mutants by DSC. We expressed and purified proteins containing the wild-type YF pair, two mutants with low expression (EF and YR), the corresponding double mutant with essentially wild-type expression (ER), and the KF mutant that had higher steady-state levels than wild type (KF). Because of the extensive interactions of the two domains of yeast PGK, they melt with strong cooperativity at a temperature in the range of 56
• C (Hu and Sturtevant 1987; Brandts et al. 1989 ). However, analysis of independently expressed domains reveals that the N-terminal domain is less stable, melting at about 42
• C (Gast et al. 1995) , and some mutations affecting the interactions between the domains result in decoupling their unfolding (Brandts et al. 1989; Bailey et al. 1990) .
Data presented in figure 5 compare the thermal denaturation of the EF, YR, and ER mutants to that of the wild-type YF. In all cases, the data were fitted to two transitions. For the wild-type enzyme, the first transition at 54.3
• C was minor in magnitude relative to the major transition at 56.7
• C, confirming the coupling of domain denaturation. In contrast, the cooperativity of domain melting was strongly reduced for the EF mutant and significantly reduced for the YR mutant. Interestingly, the ER double mutant more closely approached the cooperative melting of the wild type than either of these. Finally, the KF mutant was the least affected of any that we tested, with transitionsat 52.3
• C and 56.0
These results are noteworthy in two ways. First, they show that the Y48E and F185R mutations are compensatory. The magnitude of effect of each mutant suggests that conversion of the YF to ER pair would likely occur through an initial mildly deleterious F185R change that would potentiate the suppressing Y48E change that, on its own, is more deleterious. Second, there is a good correlation between the steadystate expression levels of the mutants in vivo and their thermal stabilities in vitro. This seems surprising because all denaturation temperatures measured are far above the normal growth temperature of 30
• C. However, chemical denaturation analyses show that yeast PGK is not a very stable protein. At 21
• C, the wild-type protein is denatured by less than 1 M GuHCl and has a free energy of unfolding of just 8 kcal/mol (Missiakas et al. 1990 ). The stability under growth conditions may be somewhat greater, as PGK is cold labile as well as heat labile. The maximal stability is expected to be in the range of 30
• C (Freire et al. 1992 ), but chemical denaturation analysis at this temperature has not been reported. Tillier and Lui (2003) , built upon earlier work by Pritchard et al. (2001) , showed that coevolving pairs could be differentiated from noncoevolving pairs by identifying pairs that had high levels of MI and that did not follow the overall phylogenetic tree. Pairs of positions that covaried near the tips of the tree rather than at deep nodes were favored by their measure which they termed as mutual interdependency.
Distribution of Pairs by Ancestry
Having established that positions 48 and 185 were coadaptive, we examined the phylogenetic distribution of residue pairs at this pair of positions on the tree. Unexpectedly, as shown in supplementary figure S1 , Supplementary Material online, we observed that the majority of pairs at positions 48 and 185 appeared to be strongly clustered by clade. For example, the YF pair is found in most eukaryotic organisms, with the HF pair accounting for 8 of the 22 instances where YF was not found. All organisms in the euglenazoa contain the KY pair, the DR and ER pairs are restricted almost completely to the alphaproteobacteria, and the LP and MP pairs are found almost exclusively in the gammaproteobacteria, and betaproteobacteria. We wondered if the clade conservation of the 48:185 pair of positions was unusual for strongly coevolving positions in this protein family.
The extent of clustering by clade was first examined by counting pairs of residues for strongly and weakly covarying pairs of positions and determining the entropy of the position pairs for all taxonomic classes of organisms that contained five or more sequences. The entropy of the pair (H p ) provides a measure of the diversity of the pairs in each class in the tree and ranges from 0 if the pair of residues is conserved in the class to 2 if the class contains at least 400 organisms, and each organism in the class has only one instance of each possible pair of residues. The class entropy was initially calculated for the strongly covarying pairs where Zp 4.5 or Zpx 3.5 or ∆Z 1.5 and a random sample composing 2% of the remaining pairs. Figure 6 shows that weighted mean class entropy of the 48:185 pair is in the middle of the class entropy spectrum for both high and low scoring pairs, and the three plots suggest that there is little difference in the mean diversity of the classes observed between high and low scoring pairs.
The preliminary result was followed by a more thorough analysis by examining the ratio, r, of pair entropy in the classes to the pair entropy in the entire alignment (see Materials and Methods) . This ratio will approach 1 if a given pair of positions has as many distinct residue pairs within the class as does the entire alignment and will approach 0 if a given pair is absolutely conserved within but not between MBE   FIG. 6 . Plot of diversity of pairs within classes of organisms in the PGK alignment versus the nonparametric covariation scores. Each point plots the values for a given pair of positions in the alignment. The within-class entropy was weighted by the number of sequences in the class versus the covariation score. All strongly covarying pairs are plotted, and only 2% of the remaining pairs are plotted for clarity. The 48-185 pair is identified by the arrow in each plot. This pair showed approximately average class entropy. The following classes were used with the numbers of organisms in each class bracketed: actinobacteria (61), alphaproteobacteria (63), aquificae (5), bacilli (39), bacteroidia (6), betaproteobacteria (22), chlorobia (6), clostridia (45), deinococci (7), deltaproteobacteria (23), epsilonproteobacteria (12), flavobacteria (15), fusobacteria (5), gammaproteobacteria (49), insecta (7), mammalia (5), mollicutes (8), saccharomycetes (7), sphingobacteria (6), spirochaetes (5), thermococci (5), and thermotogae (5).
classes. This ratio is plotted in supplementary figure S2, Supplementary Material online, for all three covariation measures and for the joint and single entropy of the positions in each pair. As a test that r was measuring the relative clade diversity, the PGK alignment was analyzed with the dependency 2.1 program (Xu and Tillier 2009 ). Pairs of positions having high mutual interdependence would be expected to have a high class entropy and hence a high r value. The dependency 2.1 program identified four pairs of positionswith significant mutual interdependency; these are also plotted in supplementary figure S2, Supplementary Material online. As expected (Tillier and Lui 2003) , these four pairs of positions were not well conserved and had a relatively large r that ranged between 0.43 and 0.51.
Box plots of r values for strong and weak covaring pairs from supplementary figure S2A -C , Supplementary Material online, are shown in figure 7 . The distributions of r appeared to be somewhat different by all three measures.
A Mann-Whitney test shows that the central location of the distributions of r for strongly and weakly covarying sets are significantly different from each other for all three measures, both Zp and Zpx had p values <1×10 −15 and ∆Zp had a p value of 0.0115. We tested the hypothesis that these differences in r could be used to classifying strong and weak covarying pairs better than chance alone by calculating the area under the curve (AUC) values for the receiver operator curves shown in supplementary figure S3, Supplementary Material online (Fawcett 2006) . The AUC values were 0.75 for Zp, 0.63 for Zpx , and 0.58 for ∆Zp. In the best case of the AUC value for Zp, the choice of a small r for a pair of positions will predict strong covariation at best three times out of four if the strong and weak covarying data sets are of equal size. However, because the number of pairs in the weak covarying data set contains >100-fold more pairs than does the strong covarying data set, the relative likelihood of a correct classification based on r is reduced proportionately and is indistinguishable from chance (supplementary figure S3, Supplementary Material online).
A number of observations can be made from these data. First, the contacting and noncontacting pairs have similar underlying distributions of r ; the mean ratio for contacting pairs is 0.39 (±0.09) and for noncontacting pairs is 0.41 (±0.08). The distributions are summarized in the MBE box plots shown in supplementary figure S4, Supplementary Material online. Thus, r itself is a poor predictor of interresidue contact. Second, the pairs that show r values at the lower end of the distribution are very unlikely to be in contact regardless of their covariation score. This validates the assumptions of Tillier and Lui (2003) but suggests that it would be worth exploring pairs with a less stringent interdependency threshold. Finally, the pairs that show r values at the upper end of the distribution are unlikely to score highly by any of the three measures and are unlikely to be in contact.
Panels D and E of supplementary figure S2, Supplementary Material online, show that residue pairs at the upper and lower extremes of r are almost exclusively populated by pairs where one or both of the residues in the pair are conserved. Thus, pairs of positions that show the most and least clade conservation are composed of conserved residues. Because pairs with high r values are very unlikely to score well by any of the three covariation measures, this suggests that these pairs, while relatively well conserved, may not be important or may be conserved for reasons other than function. Pairs with low r values can score highly by two of the three covariation methods but are much less likely to be in contact than pairs with high covariation scores with r values near the middle of the diversity spectrum. Thus, pairs at the low end of the diversity spectrum are either falsepositive pairs, where the high score reflects conservation within clades, or pairs that covary because of something other than direct interactions.
Summary
A number of covariation methods have attempted to find pairs or groups of positions that show strong homoplasy, that is, the positions exhibit inheritance different from the tree (Tillier and Lui 2003; Caporaso et al. 2008) . The assumption in these methods is that positions that are conserved within large clades but that vary between the large clades should not be classed as covarying. The results shown here indicate that the typical covarying pair of positions exhibits conservation within a class similar to that for noncovarying position pairs in the PGK protein family. Rokas and Carroll (2008) recently found that orthologous proteins contain many more homoplasic positions than expected. They suggested that one reason for this was that certain positions could only accept residues with particular physicochemical properties, although they also proposed that the overall selection for homoplasy does not have to be strong. Although they did not give an underlying mechanism for this excess homoplasy, our results indicate that coadaptation of pairs of positions could result in the at least some of the excess homoplasy.
Coadapted positions are thought to arise either by second-site suppression or by interaction between covarions as shown in figure 8 . Suppressors arise when a mutation with a strong phenotype is suppressed by mutation at a different position (Yanofsky et al. 1964; Poon and Chao 2005) . The initial mutation is inactivating or nearly so for the protein with the result that the suppressor must arise   FIG. 8 . Diagram of the residue changes needed to convert the Y48:F185 pair to K48:Y185 in the context of the S. cerevisiae PGK sequence. In this example, the YF pair is wild type in the context of the S. cerevisiae PGK protein, and the YY pair is diagramed as strongly deleterious, although, as discussed in the text, it is only deleterious when its expression is strongly attenuated.
very rapidly or the initial mutation will be lost. Covarions, or concomitantly variable codons, arise when a mutation occurs in an environment where both the original residue and the mutated residue are compatible (Fitch and Markowitz 1970) . The effect of the mutation propagates in the covarion model such that the spectrum of residues possible at other positions in the protein is altered by the mutation. The covarion model proposes that intermediates in the path from one sequence to another are functionally wild type, even if the mutations cause a change in function (Bridgham et al. 2009 ). These are obviously the extreme ends of a distribution of mutation effects that can result in coadapted positions; however, we believe that two lines of evidence support the view that the majority of coadapted positions arise from the covarion end of the distribution.
First, a large-scale analysis of suppressor mutations in ΦX174 (Poon and Chao 2005) and other systems found that suppressor mutations were closer in sequence and space to the original mutation than expected by chance (Davis et al. 2009 ). However, the tendency to be closer in space was very weak, and fewer than 30% of the suppressors in ΦX174 contacted the original mutation (Poon and Chao 2005) . Examination of the other large-scale suppression studies carried out in the tryptophan repressor (Klig et al. 1988) , lactose permease (Jessen-Marshall and Brooker 1996; Jessen-Marshall et al. 1997; Pazdernik et al. 1997) , and p53 protein (Otsuka et al. 2007 ) also found that the suppressor was rarely in contact with the original mutation. That suppressor mutations are often not in contact with the suppressed position was pointed out over 20 years ago when it was noticed that suppressor screens usually select for supersuppressors-mutations that are able to suppress a variety of initial mutations (Klig et al. 1988) . In some cases, the supersuppressors stabilize a protein fold and allow destabilizing substitutions to accumulate at sites distant from the stabilizing mutation (DePristo et al. 2005) . The presence of destabilizing mutations is also correlated with the activity or levels of protein chaperones and allows the production of genetic variation (Tokuriki and Tawfik 2009) . This helps explain why proteins do not use all possible paths when selection is applied for a modified function (Weinreich et al. 2006) .
Second, there has been steady progress in using multiple sequence alignments to extract information about interresidue contacts as investigators have come to terms with the actual amount of information in an alignment and with MBE the underlying effects of sequence relatedness on the covariation measures (Tillier and Lui 2003; Fodor and Aldrich 2004; Martin et al. 2005; Codoñer and Fares 2008; Caporaso et al. 2008; Dunn et al. 2008; Buslje et al. 2009; Little and Chen 2009; Xu and Tillier 2009) . It is important to note that none of the methods use contact information to identify covarying positions, but rather, as the methods of removing background noise become increasingly adept, more covarying positions are identified and a larger fraction of these are in contact. Therefore, we suggest that the pathway to coadapted positions involving mutation followed by suppression shown in figure 8 is at best a minor contributor to an increasingly large number of covarying positions identified by the current methods.
We identified the nonconserved positions 48 and 185 as among the most strongly covarying positions in the PGK protein family. These positions are located in a region critical for PGK function but have never been investigated for their contribution to the function of the protein. Both positions show "context-dependent" phenotypes, where the context required for a given residue can be identified beforehand. Furthermore, positions 48 and 185 in PGK are epistatic and can show magnitude, sign, and reciprocal sign epistasis (Poelwijk et al. 2007 ). For example, the YF to KY transition shows sign epistasis because the KF intermediate is more active and the YY intermediate is less active than the starting pair. The YF to ER transition shows reciprocal sign epistasis because both the EF and the YR intermediate pairs are less active and less stable than either end pair. These results demonstrate that the critical context for each residue is the other, and so the pair can be thought of as either a covarion or a suppressor pair. Mutagenesis of either residue resulted in only a modest decrease in the growth of the yeast strains when expressed at the maximum level, and the effects of the mutations were only revealed when expression was strongly attenuated. Thus, these mutations are best described as slightly deleterious or nearly neutral when expressed from their native promoter. This supports the idea that the majority of covarying sites arise by covarions and not suppression.
Why then, are some pairs of residues restricted to particular lineages if the barrier to interconversion between favored pairs can only be observed when the protein is poorly expressed? One possibility is that the selection pressure, though slight, is sufficient to maintain the separation. Another possibility is that the selection pressure may be greater in different lineages. A third possibility is that the standard S. cerevisiae culture conditions may not be a good test of the requirements for PGK. It may be that PGK is more stable than required under laboratory conditions but not conditions where S. cerevisiae exists in the wild. This idea is supported by the rather narrow range of optimal conditions for proper folding of the PGK protein in vitro (Missiakas et al. 1990; Freire et al. 1992) . Exploration of these ideas will require further investigation by competitive growth experiments and by mutagenesis of the homologous positions in the PGK protein from other genetically tractable organisms.
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